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PIEZOELECTRIC INSTRUMENTS OF HICH NATURAL FREQUENCY 
VIBRATION CHARACTERISTICS AND PROTECTION 
AGAINST INTERFERENCE BY MASS FORCES* 
By Werner Gohlke 

I . SUMMARY 



The exploration of the proces?^es accompanying engine 
combustion demand p quick- responding pressure-recording 
instruments, among which the piezoelectric type has found 
widespread use "because of its esx^ecially propitious prop- 
erties as vibration-recording instruments for high fre- 
quencies. Lacking appropriate test methods, the poten- 
tial errors of piezoelectric recorders in dynamic meas- 
urements could only be estimated up to now. 

In the present report a test method is described by 
means of which the resonance curves of the piezoelectric 
pickup Can be determined; hence an instrumental appraisal 
of the vibration characteristics of piezoelectric re- 
corders is obtainable. 



II. THE PIEZOELECTRIC EFFECT 



The conventional piezo instruments make use of the 
direct piezoelectric effect according to which electric 
charges are developed on certain surfaces of certain 
crystals when subjected to strain. The electric charge 
is proportional to the force P, that is, the volume of 
charge being 

= d P ' (1) 



Q,uar zdruckme s sgerat e hoher Ei genf r e quen z Schwingung- 
seigenschaf t en und Abhilfe gegen die Stt^rung durch 
Massenkrafto. " VDI -For schungshef t 407, XII Sd., 
March-April 1941, pp. 1-25.^ 
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where d is the p i e z o e 1 e c t r i c- • modulu s expressed in 
kilograms. It is dependent upo^n the type -of crystal and 
the direction of the force relative to the axes of the 
crystal. For pressure measurement-?; ouartz crystal is 
commonly used "because of its mechanical strength and du- 
ralDility. The "block or plate is cut from' a quartz crystal 
as indicated in fi,^ure 1 so. that the strain along the 
X-axis acts. On a y ^ z - sur f a c e ' wher e the charge is measured; 
X is called the electric, y the neutral, and z the 
optical axis. The strain could also "be developed along 
the y-axis and the charge mieasured on the y,z-surface, 
but this arrangement has found little iise so far for pres- 
sure measurements. Since quantity d depends on the 
direction of cut o^^ the crystal plate, numxerical data 
must carry d with the appropriate su'bscripts. In x- 
direction the piezoelectric modulus of quartz is, in 
c ent i mie t er-gr am- s ec end units, 

d = dii = 6.36 X 10""^ cmVag-Vo g 

in engineering units of measurement' 

d = d^i = 2. 08 X lO^^^C /kg 

or 

d = di : =■ 2. 12' X 10"^^ cm/V 

The charge developed on the surface at right .angles to %he 
electric axis charges the capacity associated with these 
surfaces to a correspondent voltage, v;hich is then meas- 
ured with a suita"ble instrument. • • 

Although the piezoelectric effect has "been known 
since the last century, its use for pressure recording 
had never "been seriously attempted "before 1930. 

III. APi^RAISAL OF PZPvFOHMA'ICE OF A PIEZOELECTRIC TEST SETUP 



A piezoelectric setup for recording alternating pres- 
sure^ ordinarily comprises 

(l) Piezoelectric pickup 



( 2 ) Ampl i f i e r 
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(3) Indicating instrument ' 
.(4) Interconnecting lines 
(5 ) Power supply 

All these arrangements can influence the. reprodaction 
of the test quantity especially at high frequencies, hence 
have a.freauency relationship if incorrectly designed. 
The present report deal? mainly with the vilDrafion char-, 
acteristics of the pressure pickup and secondarily with , 
the other parts. With this in mind we hegin wi.th items 2 
to 5 regarding their effects on the reproduction of the 
true pressure variation at high freauencie^, wherety it 
is recommended to proceed from the reading instrument and 
work back toward the pie 2r oel ectric pickup, 

1. Reading Instruments 

These instrum.ents are eitner loop oscillographs or 
cathode-ray oscillographs, • 

Loop Oscillographs .- The r^^ading elempnt is a loop 
rotatahly mounted in a magnet field. 'In static measure- 
ments i t s deflect i ons are largely proportional to the in- 
tensity of the current pas s in^c ' through the loop. The nat- 
ural frequency of the loops is governedby the mass and 
the r esett ing force as well as by the damping of the sys- 
tem afforded by the oil-filled loop hou<=ing. Since this 
natural frequency ordinarily cannot be changed except by 
special auxiliary means, it is necessary to fall back on 
the loops with defined vibration characteristics as sup- 
plied by the manufacturer. The only loop type^ of high 
natural frequency suitable for rapid pressure variations 
unfortunately require a comparatively high current, that 
is, they are fairly insensitive because of the great re- 
setting forces necessary for high natural freauency. 
Table 1 give^ the data of the Si e men s -Hal s ke type^ of loop. 
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TA3L1 I.- DATA OF LOOPS PGR SiaiMS S: HALSKE U1IIVSR3AI OSCILLOC-RAPE 



Type 


Natural frequency 
fQ in air 
(Hz) 


Maximum 
deflection 


Maxiitrum cur- 
rent strength 
(ma) 


Sensitivity 
(nrn/ma) 


8 


1 , 200 


3:80 


1.5 


45 


5 


P.OOO 


±80 


6 


15. 5 


4 . 


3,000 • •■ 


x80 


20 


4.2 


1 


5,500 


±80 


100 


.83 


2 


10,000- 


±80 


,280 


.29 


7 


20,000 


il5 • 


250 


.057 



Type 2 has a susceptibili 
ampere. An accepta"blp di 
meters requires a "bout a '"^ 
natural freauency of the 
10,000 Hz, Damping lo^-'er 
hi gher ; f r eouency i tha"*" 
With a maximum current of 
is only about 14,5 millim. 
is a consider a'ble.inaccur 
the light "beam. Because 
Hz loop will "be preferabl 
tion of the reauired loop 
"becomes inconvenient. Th 
of this type of loop is s 
new samples a, h, and c. 
ready consideralDle at one 
and far in excess of the 
sociated with static me as 



ty. of 0.29 m i 1 1 i m.e t e r . p er milli- 
a.-ram hei.^rht of ahout 60 milli- 
OO-milliamner e loop current. The 
undamped loop is given at around 
s it to around 45 00 Hz. The next 
of tvDe -7 with about 20,000 Hz. 

'"^5 0 milliniTDerps.its deflection 
eters. At this deflection there 
acy in the heavy trace made "by 
of the di-H:ram height the 10,000 
e, esToecially since the produc- 

currents with amplifiers itself 
e recorded freouenoy variation 
hown in fi^Ture 2 for three "brand- 

The error in amT^litude is al~ 
-third of the .natural freauency 
instrumental errors commonly as- 
urements of this kind. 



Cathode-ray oscillograph s . 

must "be made between the-so-cal 
lograph and the h igh-capac i t-y o 
the trace from the fluorescent 
corded on a photographic film he 
latter, the trace from the elec 
directly on the photographic fi 
Oscillograph tube. The former 
reproducing high frequencies ^'^h 
processes the traces of which c 
another on the fluorescent sere 
Both types are free from inerti 
compared to the electron variat 
deflection plates when iii^-^-h-vac 



- Here a differentiation 

led electronic- ray oscil- 
scillograph. On the former, 
screen of the tube is re- 
Id on the outside; on the 
tronic ray can be recorded 
Im located in the evacuated 
very appropriate for 
dealing with periodic 
be recorded over one 
as often as desired, 
for long-period processes 
interval between the 
tubes are used, as 



1 s 
en 
an 
en 
a 
i on 
uum. 
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presumed here. The first type permits recording speeds 
up to 1000 meters per second. So<^rial valVes with high 
anode voltages, such as a f t e r -ac c e 1 e r at i on valves in con- 
junction with suitalDle optics are practical even at lO 
kilomet ^-^rs per ?^econd. The Allgemeine El e kt r i z i t a t s ~ 
&e s el 1 s chaf t thus -quotes 50 kilometers per ^second for its 
tube with special optics, the trace on the fluorescent 
screen "being much reduced. Since the thickness of the 
trace decreases at the same scale as the picture, it can 
"be subsequently magnified again. On the other hand, the 
high anode voltages reoLiired for greater beam intensity 
cause a greater wear on the fluorescent screen of the 
tube and hence reduce the life of the tube. Although 
much higher recording speeds (ut) to 10'^ km./sec) have been 
reached, the writer has no knowledge of the life of the 
t ub e s . 

For a sinusoidal process of n com.plete oscillations, 
that is, to be recorded with a diagram height 2xq and a 

diagram width b proportional to time, and the frequency 
of v/hich is f, the maximum speed of the light spot 
amounts to 



= V" ^2 n Xq) + !^£) (2) 

For an electronic ray tube ^-^ith a recording speed of 1000 
meters per second and a chart size of' 5 0 by 50 souare milli 
mxeters, the precise freouency recordable a.t n = 1 is: 

f = 6070 Hz 

Sinusoidal processes of higher frequency are therefore 
impossible to reiDroduce by such a tube with a 50 milli- 
meter diagram, height, which is all the more true a^ the 
screen is variousl?^ illuminated by scattered electron^, 
'SO that the blackening of the receiving m^aterial is not 
solely due to the recording electronic ray. For rough 
estimates the second term, below the root representing 
the speed of th^ focal point in direction of the time 
axis can be discounted, so that 

v^ = x^CjO 
s 0 

with CO the natural frequency. 
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Distortions nl'so occur ' t owRrd the screen edges, which 
"become especially noticealDle on multiple-ray tuhes "because 
of eccentric disposition of the different "beam systems. In 
addition, high vacuui|i tuhes should he operated exclusively 
with deflection volta^^es that are symmetrical to the 
ground potential, otherwise the reading errorshecome very 
,e:reat. ^'i^;'ure 3 illustrate^- the distortion' of the coordi- 
nates of the electronic-ray tuhe of a commercial engine 
indicator which, desT)ite the use of a high-vacuum 
electronic-ray tuhe, operates with un symmet r i cal deflection 
voltages. 

On the high-capac it y cathode -ray oscillographs with 
recording speeds up to 30,000 kilometers per second (one- 
tentn of the speed of light) the distortions are easier 
to avoid, though it involvi^^s c onsider a'ble outlay. 

The cathode-r.^y oscillographs operate at volta^^e?? of 
the order of magnitude of 200 volts, which are easier to 
ohtain with amplifiers than the high-voltage intensities 
for loop oscillogra-ohs . 

As regards the reading instruments, it may he "briefly 
stated that loop oscillographs afford sufficiently large 
diagrams with certain amplitude ?^nd phas^ errors at fre- 
quencies up to aDout 10^ Hz, while e 1 e c t r oni c -r ay tuoes 
also are satisfactory up to 10^ Hz with the degree of ac- 
curacy customary for such tuhes, although the life of the 
tuhes is comparatively short (several hundred hours)* i'^or 
special short-time processes the high-capacity oscillograph 
with incorporated recording material is available. 

2, Amplifier and Current Supi)ly 

On none of the cited reading instruments can the out- 
put "be controlled "by a pressure ouarts without amplifica- 
tion at pressures such as are encountered in internal- 
comhustion engines. .T.he ampli'^ier must first reproduce 
processes from 0 to 10" H:: - in special cases even higher - 
correct in am.pl i tude • and phas-^-, and s e c ond , ' p o s s e s s an in- 
put resistance such a*=- to -or^vent the pressure proportional 
charges delivered hy the -piezoelectric picku-p from flowing 
off. 

The first requiremient calls for a direct current am- 
plifier v/hich m.ust indicate no freauency variation un to 
10"^ Hz (or even higher). The direct-current amiplifier is 
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a resistance ampl ifier' w-iththe separate- -stages in iDur e . 
resistance coupling. Omission of the coupling condensers 
on multistage am.plifiers causes di f f i cul t i e s ' in the in- • 
put and incons tancy. in the operating voltag'es-i The fre-^ 
quency variation in a resistance amplifier is due to the 
unav oi dalDl e valve and control capacities "being placed 
parallel to .the resistances, which lower the impedance in 
increasing- measure, with rising freauency. Since the am- 
plification d epend^ upon the si^e of the anode resistance, 
the amplification factor drops with rising freauency. In 
consequence the anode re. s i s t anc e s are.m.ade so small from 
the very beginning that the harmful capacitances do not 
"become effective except . at . suff ici ently hi^^h freauencies. 
This in turn lowers the amplification T)er stage, hence 
requiresm. orestages. 

The second reauirem.ent of high-input re-istance can 
"be met "by an elect rom.eter tu"be , suc'ii as the AEG- type T 114, 
the amplification factor of which i^, at the most, eoual 
to 1 for infinitely great; out s i de resistance, hut, since 
the operation is with 1 ow-re i s t anc e. value s , it is su'o- 
stantially less. 

Ampli f ier for loo p c s c i 1 1 cgr aph s • - The 10,000~Hz 
loop demands from the amplifier. an output control range 
of ahout 200 milliamperes in- the last stage.. These com- 
paratively high-current intensities are usually attempted 
with standard "broadcasting tuhes, especially the triode 
the output of which, with t>'0 tuoes connected in parallel 
and suita'ble outside re^^istance, can "be controlled fairly 
linearly up to ahout 200 amperes. The input voltage 
variation of the last stage must then amount to ahout 30 
volts* At 0,5 to 1 volt measuring effect on the piezo- 
electric pickup, 30 to 60 tim.e intermediate am.pl i f i c at i on 
would "be necessary-. Since the in^out tuhe., as stated, 
does not only amr^lify iDut weaken the measuring effect, a 
higher amplification- "by a voltage amiolifier stage "between 
the input tuhe and the la-f?t stage is necessary. The re- 
sult is a three-stage direct-current amplifier. But such 
an apparatus can hardly he fed from an ap-oaratus connected 
to the rectifier power sup-oly hecau==e of the renuirem.ent 
of maximum-voltage constancy and the fact that eauipment 
woi*king from, the rectifier power supply with or without 
stabilization possesse?^ consider a"ble internal resistances 
which are not- constant in the desired frenuency range and 
far .from negligible even at low plate resistances. This 
applies particularly to the. last stage which has a par- 
ticularly low. anode resistance or else none at all. 
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AC c'ep't alD'le 'meas'ur em'eiit 3 must therefore "be made 'with pla'te 
"b'a-tteri es 'which , in c on June t i dn wi t h loop types of high 
natTir'al' •osci'llat i on f reauericy , must supply 200 to. '300 
miil iamper es- for longer periods with sufficient constancy 
at a' voltage of around 300 volts. 

Ampl i f i e r for cathode^-ray Oscillographs.- Here the 
am.pl if i cat i on conditions are more favoraole. To . obtain a 
•200"-volt deflection voltage r eauir es al^out 200 to" 400 
time 'amplification. Here al^o three stages are necessary 
in miany cases if a clear reproduction at high freouencies* 
is appreciated. Since the last stage, then, has to suprdy 
high voltage rather than high current intpn^-ity, the pl.at.e 
resistances are permitted to he so hi£:h th^t' the frenuency 
dependence of the internal r e i «5 1 anc e' from povrer supplies 
which usually are stabilized can "be disregarded. However, 
in view of the f r e a u e n c y variation, the plate r e «^ i t a n c e 
of the last stage miU^>t not -exceed" a cert a in' value , because 
parallel' to it are located the cap'ac i't ance of the deflec- 
tion p'lates as 'well as of the i r t e r c onn ec t i^ig lines be- 
tween amplifier and ca tli ode- ray' tu"^e . Inasm.uch as only 
high-vacuum cathode--ray tube?? are to be us^d, "the output 
of this am.pl i fi e r... must be fittrd with a counterbalanced or 
push-pull control capable': of supplying:" the:, vo.lt age sym- 
metrical t b" the-- ground even' by d-ir-ect -^current amplifica- 
tion. The ampl i f i c'a t i on di f f i cult i s • are - correspondingly 
greater if freauenci'e^ highef' thah lO"^ Hz' are to be cor- 
rectly "Reproduced. • - ' 

To sUffi up: given ample" tubes .^vnd current supply, 
amplifiers suitable for operating loop or cathode-ray 
Oscillographs ai'e obtainable. 



3, Pressure Pickup Input 

The weakest spot of the piezoelectric test mxethod is 
t hat '■ t h e or e t i 'c all y charges m^u'st be • m.e sur ed . For this 
reason the a f or e -men t i one d' hi ghly ".^i n sul a t ed input electro- 
meter tube and'the perf ect insulation of all areas of the 
line betweeh'pickup and m^ gn i f i e r "a. r e dictated. Vibra- 
tions such'as thos^ caused by a running motor are not per- 
miitted'to piioduce test errors. This is essontial especial- 
ly in 1 Ow^-pres sure measurement s , because tlie capacitance on 
the input ""gr id m.ust br- si^.all in order to achieve suffi- 
ciently high voltage's . ' The vibrations cause," apart- from, 
capacity cha:n:ges," m"u c h m" 0 r e s e r i ou s 1 y disturbing c h a r rt s 
due to frict ional electri city i ■' However , special cables* 
are now commercially available by means of which these two 
sources of error can be largely avoided. 
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These sources of error on reading instruments, ampli 
fiers, current supply and lines, while kno^m in general 
outline, are usually not sufficiently appreciated on com- 
mercial eouipment , as indicated in figure 4, 

4. Piezoelectric Pickup 

Very little attention has "been paid, heretofore, to 
the vibration characteristics of the piezoelectric pickup 
itself. The reason lies in the lack of suitable investi- 
gating methods. 

To he able to use the quartz crystal for gas pres- 
sure measur em.ent s , it must be provided with a frame or 
casing fitted for the purpose in hand. iFor the record- 
ing of combustion pressures in engines, standardized 
casing forms have been developed to some extent, since 
the pressure measurement has to be made on the spark-plug 
hole of the engine cylinder. The gas pressure, however, 
is transmitted by various means to the quartz, whereby 
the following facts must be borne in mind: 

(1) The Quart z must be protected from the hot com^- 
bustion gases, since its properties are to a certain ex- 
tent dependent on the temperature. 

(2) The transmission links should be of minimum 
weight and act like very stiff springs of linear charac- 
teristics in order to asf^ure a straight characteristic 
and high natural frequency from the test arrangement, 

(3) The transmission links should maintain their 
characteristics even during prolonged operation and not 
be susceptible to tem.perature fluctuations. 

(4) The reading should be independent of the type of 
restraint on the pressure pickup by thp engine, 

(5) Vibrations should not affect the test result. 

The conventional types of piezoelectric pickup rep- 
resent a comipromise between partially contradictory re- 
quirements. In general, the quartz plate? are disposed 
some, distance from the combustion chamber so that the 
gas passage or a piston can be used as pressure trans- 
mission medium. A gas passage has the particular draw- 
back to the extent that for a sufficiently steep impulse 
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it gives rise to natural o^scillation? vrhich fal?^ify the 
results. In some design types, such as those indicated 
in fic^;ure 5, the ^^'as passa^^e is therefore divided in 
several narrow channels for damping the natural oscilla- 
tions of the passa?""e. But this results in a Helmholtz 
resonator of c oir.parat i v e ly low natural freouencj^. It 
aLiOunts to 



Wo = 2 - fo = c /^^ (3) 

V 

for the iDulsation at aT:)pr orimat ely constant air density. 



Here 



J section of the r^hann'^^ls 



I channel length 



V volume of resonator space 

c = 3o0 meters per second, the velocity of sound at 20^ C 
For the reproduced type it approximates to: 

F = 7 X 0,049 sou^r<="- centinetpr = 0,.r^4 square centimeter 

V =0,8 cuhic centimeter 



I = 1 • 7 ■ c'en-tlmiet er s 
whence 

■(A>Q = 16,500 sr-conds"^ 
f^ = 2630 H-^ 

for air in ncrr.nl st:^te. .alternating pressures of fre- 
quencies o'f thrs -order '01 mn,niitude will no longer "be 
ahle to react correctly on the auartz plates of the pickup. 

The first natural oscillntion of the piqkup deter- 
mined hy the transmission channel itself .is located at 
2630 Hz, and hence limits the pr ac t i c ah i 1 i t y of the pick- 
up for higher f r e viu enc i e s . 
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Filling the pas sage ^r^i th- a piston or plunger, which, 
for rea ?ons'pf weight-saving wa.$ ma nu fact u red as a. hollow 
"body, makes the mass "before the qiiart^ plates comparatively 
great, h e n c e, . 1. p e r s the natural frequency. 

Blaci.ng the a ua r t ? . i t s e 1 f in the threaded . hoi e is 
more heneficial l^ut , .since 'the spark-plug thread .usually 
runs to 14 ty .1»25 millimeters, .the quar t z . plat e s. and the 
pressure surface of the pickup "become very small, hence 
its sensitivity will he less also. In addition, it is 
di f f i cul t . t 0. install a p r ac t i c al . wat e r -c o o 1 i ng system. 

In order to keep the. elastic travel of , the auartz 
column with tHe c o r r ela t e d i n t e rmed i a t e .piece.s and other 
transmission link? small and secure straight sioring char- 
acteristics, all contact surfaces must "be .carefully fit-, 
ted. To. achieve a perfect c on t ac t . o f t h e s e . surf ac e s. , a. 
certain amount of pr e--t.en s i on is required even with the 
"best polish. The pre-tension is. f urn i shed hy a flat 
spring or spring hushing. The advantages of the latter 
were proved hy Meurer in static tests, so that in most 
cases the use of flat springs has now heen ahandoned. 
The piezoelectric pickup described "by Meurer is shov/n 
somewhat modified in figure 6, 

As late as 1936^ the literature ascrihed natural fre- 
quencies, of ahout 3 0 Hz to the then-known pressure pick- 
ups. But gradualj.y miore caution was used in the treat- 
ment of natural oscillations. There also has heen lack 
of a'ttempts to determine the natural oscillations of 
piezoelectric pickups "by excitation, which can succeed 
only, under certain conditions, which usually were not 
correctly known and therefore could not he kept. We find 
statements, such as "the natural oscillation of the employed 
piezoelectric pickup was located so high that, it could not 
he excited even with a hammer/' As may he shown, natural 
0 ci 1 1 at i on s can only he sufficiently e"vcited hy strict 
ohservance of a certain mass ratio hetvreen excited and 
exciting mass. Moreovpr, it rem^ains with the afore- 
mentioned charrHcteri sties of the remaining test arrange- 
ment whether the c om.parat i vely high natural oscillation 
freauency, even when it has heen started, can he amplified 
and traced. The intensity of the evcitation of natural 
oscillations is governed hy the oscillation ener^ry Eg 
transmitted hy impact excitation on to the system, to he 
excited. Under simplifying assumptions it can he computed 
that the ratio m^/ms of exciting to excited mass of the 
oscillator defin.es the oscillation energy transmitted to 
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the oscillating system, as fi^nire ? indicates. It is 
found that small masses are iDrneficial for the impact ex- 
citation, which does not occur when a hammer is used. 
But. to attempt to ascertain the resonance curve and hence 
the freauency v .^^ r i a t i on • o f the pressure pickup from the 
complex free oscillation curve, as exemplified in fi.^ure 
8, is very difficult, since it is, in general, a system 
of many degrees of freedom with a great many natural fre- 
q uenc i e.s ... 

•It is generally conce-ded that the reson:-^nce curve de- 
fines the freauency limits within wnich the test instru- 
ment' can "be used with satisfactory accuracy. The knowl- 
edge of the vi'bration characteristics is therefore of de- 
cisive importance for the use of the teat iretrod. Ac- 
cordingly the aimi'of the su'bseauent stidy will "be to-de- 
note the vi'bration characteristics of pie?oelectric pick- 
ups by their resonance cufves and to deduce therefrom the 
rules for the design of piezoelectric pickups. 



I.V. METHOD , OF- RSC OP.D'IITO- OF HESONAITCB 
CURVES or PIEZOELECTRIC I-ICKUIS 



A method of • ,pr-oduc i ng alternating pressures of trace- 
able constant ampl i tud e ( ^ e v e r a 1 atm, s^ay) and any fre- 
quency of the order: o.f m.agnitude of 10^ Hz is unknown. 
The direct d e t ermi na t i on of the resonance curves of pie.zo-- 
electric pickups from the alternating stresses on the 
quartz under the effect of al t e rnat ing pressures of con- 
stant amplitude and variable freauency was impossible. 
An attempt a therefore made to use the body acoustics t o - 
define the freauency variation; but it is difficult to 
produce "body, acoustics of sufficiently great intensity at 
high f r.equenc.i e s . Besioe^, ccupling phenomena between 
transmitter, transmission link'^, nnd pressure pickup vi- 
tiate the result. s. • The el'ectric' excitation of the quartz, 
plates by means of the reciprocal- pie zoelectric effect 
of for ed a way out . " . . 



.1. The Reciprocal liezo flee trie Ef'^ect 

If a -piezoelectric crystal is subjected to an- electric 
field that, producer the stress ' U o'n the ' corresponding 
crystal surfaces, the crystal deforms. If the field has 
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the direction of the x-axis (electric, axi?) the strain in 
the direction of the x-axis independent of the size of the 
quart s plat e . i s " 



\i = d 



U 



(4) 



{^or quartz it is d = 2.12 X 10 



--10 



cm /v ol t . ) 



At the same time, the crystal is strained in the di- 
rection of the y-axis "by an amount 



All u 



(5) 



where J'^ is the quartz surface 
angles to the x-axis, "Fy at ri 

A clear explanation of the piezo 
^iven Dy Meissner, The previous 
crystal cell is polarized hy ela 
tal lattice. Inversely, an elec 
electric crystal not only displa 
of the lattice but al.qo changes 
strain of the crystal does not i 
wit-h the applied stress. 3.ut , s 
earit-y is not appreciahle except 
voltages than employed here, thi 
regarded in th'p present inst-'nce 



orientated at right 
ght angles to the y-axis. 

electric effects has heen 
ly electrically neutral 
stic crushing of the crys- 
tric field in a piezo- 
ces the "building stones 
its dimensions. The 
ncrease exactly linear 
ince departure from lin- 
at much higher exciting 
s can "be completely dis- 



2. Theoretical Considerations 

The theoretical principles of the test method are ex- 
emplified on the -piezoelect ric TDickup , sket ched in figure 

where 



elasticity of thp casing mass of the pickup rela- 
tive to a mass of assumedly infinite size 
(kg/cm) 

damping of system (m^,c-^), (kgs/cm) 
mas? of pressure pickup casing (kg s^/cm) 



c^ elasticity of auartz column and of pre-tension 

device, as of the spring bushing (kg/cm) 
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kg damping of system (mg.Cs) 

mass disposed iDefore quartz, as of pressure trans- 
mitting pi s t on 

m D 

mas 5= ratio 

my 

f frec'-j-ency of exciter forcf=^s (H?) 

(i^ pulsation of exciter forces (s~^) 



2TT y h:, 



1 /c_2 
m ^ 



2^ y 



X , X 3 deflections of mass --'nd m^, positive dov/n- 

Wcord (cix ) 

pQ amplitude of force i^'^ 

Under normal use of the pressure pickup as pressure 
instrument, the forces actin,^ on the lowest surface, 
that is, on mass mg, are the constant force of the pre- 
tension and the alternating force Pq sin 0) t . The read- 
ing consists of the length change - x. of the quartz 
column C;^. The electric excitation of the quartz pro- 
duce? hetv/een m^ and mg an alternating force which 
periodically lengthens and shortens spring c^. Ncvr the 
resonance curve of the pickup traversed hy the charge 
amplitude on the quartz surfaces under variable freouency 
of the alternating gas pressure can "be put equal under 
certain assumptions to that covered "by thr amplitude x^ 
of the hottom motion of the pickup "by electric excitation 
of the quart ze ^ . 

Assuming damping proportional to speed while dis- 
counting gravity, the admission of ma?is m- with al- 
ternating gas pressure follows the law 



mi i4l-fcix,+ki +02 (xi- Xg) +k., ^la; =0 (6) 

dt" dt ^ \it dt^ 
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^2 ^ C2 (xs - X,) + ^2\^—^' - = - Po Sin 0) t (?) 



The transitory process is not taken into account since 
the transitory state defines the resonance curve. The 
damping forces are neglected for simplification. Then 
we can write: 

-mia^x-^ + c^LXi+.Cg (x;i - X2) = 0 (s) 

- nisd^ X2 + C2 (x2 - Xi ) = - Pq (9) 

The deflection ^i/^o referred to unit force is 



c 2 



P^ 0)" (m^mg (x)^- Cgm;^ « c^m^ ~ c^m^) + c-^c^ 



and 



xg 
P. 



m^ co^' - c ,^ 
whence, after several changes 
1 



1 - ~ 



f.\2 



Xo - X 



1 



ir) 



f fo\2 



1 7£MV %-/£xV^ fi-ZiaVi:^ /fn^ 



(10) 



(11) 



(12) 



By electric excitation of the auartz plates it gives: 

- mia3^Xi 4- CiX:^ + ja^k:L>^^i + ^^(x;! ^ '^-■^) J^^^k^Cx^ ^Xs)^?^ (l3) 

- m^O) X2+C2(x2^X:L)+ja)k2(x,-x,)= - P^ (l4) 



whence 

3 



Xi _ - m2a-> [a> (m.mgCO"^ - A ) 4- c^. Cg] 4- j(0 m ^ [ -'o B + D J 

" ' ;:; ;:; ;:; t-, — (15 ) 

Po [oo" (mim^a^" - A) + c^Cs]" + (o"[-(x>" B + L]^^ 



wh ere 



1 6 






T echni c al K emor andum 
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A = 


- m 1 c 2 + 




(kg 


2 5/ 2 

s /cm 




3 = 




' m ^ k 2 + -^^^ ij k 2 




2 3/ 2 

s /cm 








^3^1 ' 


(k. 


^ s / cm^ ) 



The deflection of the "bottom f-urface dpterm.ined "by the 
test method i? 



(msA)^ - C2)^ 4-(0-k^^ 
whence, neglectinf^ the dam.-Dint- forces again, 



' n / - 2 ^ 



1 + 



(16) 



(17) 



or 



the pam:e e^pr e s Jr' i on obtained for (t^ ~ "^^ 



admission of inass m^ with alternating gas pressure. 
Hence the desired ref^onance curve- can "be o'btained "by 
electrical e^^r-ci t ati on o.f the cuartz plates and subsequent 



measurement o f 



This holds true under the assumiption 



of small damping forces'. 

The resonance points for (t^ Xi)/^'o follow from 
the relation 



■(IB) 



after eouating the denominator in the brackets of equa- 
tion (12) tozerc. 

Then 



-\ ^^D^J\ [(l+iX2i)f'r ^f^^r-"f\ 



(15) 



?or purposes of illustration figure 10 gives several res- 
onance curves computed according t^ eouation (12), the 
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required constantn of the OBCillation e q uat i on "b e i ng as- 
sumed. The graph "brings cut the effect of the distortion 
term contained in the iDracketed term of equation (l2). 
For the sm^all mass ratio . [I21 = O.Ol of case h the res- 
onance curve of the coupled system is practically in 
agreement with that of the simple system (m^jCg), except 
for the very narrow frequency range in vicinity of 500 Hz » 
where it is changed hy the resonance of the system (m^jC]^) 
But for m'a ss ratio = 0»25 of case a the conditions 

are otherwi s e . 

It may therefore "be assumed that for small mass 
ratios the distortion will "be very low even for compara- 
tively little damping. This was, in fact, horne out in 
the suhseouent studies (fig. 38). It proves the advantage 
of a small mass ratio which is "best secured hy a reduc- 
tion of the mass m^ placed' "bef or e the quartz plates. 



■3. Measur em;ent s with Sound Pressure Meter 

The exc i t at i on of piezoelectric pickups v;ith electric 
alternating v 0 1 1 age " had. "b e en attempted elsewhere without 
success. In part i cular , there was a lack of test methods 
for proving the resonance areas. In the present instance, 
we succeeded in getting an audible tone "by exciting a 
piezoelectric pickup with alternating voltage of audio- 
frequency. Although very weak, it could still "be measured 
with a Si'em.ens-Halsko sound pressure meter. With "appro- 
priate test equipment distinct resonance points were 
traceahle which • permitted a record - even if. not very 
plain - of theresonance curve. 



With this in view the te 
11, were undertaken. The qua 
electric pickup D are excited 
ly varying the frequency f 
stant, causing the pi-ckup to 
direction. The sound pressur 
the condenser microphone KM 
SM, Because of the lew sound 
tween D and KM had to he 
and 40 centimeters. 



stF, illustrated in figure 
rtz plates a of the piezo- 

"by huzzer S "by progressive- 
hut keeping the voltage con- 
forced oscilla.tions in x- 
e p produced herehy charges 
of the sound pressure meter 

intensity the distance he- 
kept small - hetween ,5 • 6 



The experimental chamher had normal room walls and 
were not free from reflection. Resonance curve*^ recorded 
hy this method on the Dickup of figure 12 are shown in 
figures 13 and 14. In figur.e 13 the pickup was mounted 
on a soft "base facing the condenser microphone. It af- 
forded only two distinct resonance areas. 
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To simulate the. actual conditions on an engine the 
pickup of figure 14 was screwed int o a • 133- "by 175-."by 
20-calDic millimeter steel plgte. Then the total assemlDly 
was placed in a "box padded with glass wadding in order to 
minimize the reflection capacity of the walls. The radia- 
tion is considerably increased by the steel plate so that 
even smaller departures fromi the initial deflection could 
"be detected. The first resonance peak, very little 
damped, occurs at 3150 Hz, Further, more vigorously- 
damped peaks follow in direction of rising freauency, the 
position of which varies, however, with the distance "be- 
tween pickup and receiver. Here the- length of the air 
column "between pickup and microphone seems to "be of some 
influence. The next resonance peak, which is high, weakly 
damped and independent of the. distance x "between pickup 
and- microphone, -occurs at a'bout 11,500 Hz. It is situated 
at approximately the same place- as "before in figure 13. 
The resonance points of the pickup could "be accurately 
enough ascertained "by varying the screwed-on mass and the 
distance, "but a-s the use of condenser microphones stops 
at about 10,000 Hz, the higher frequencies obtained in- 
volved either the design of a new microphone or else a 
modification of the method* In the first instance, the 
interference tendency of acoustic measurement s .would re- 
main. 



4. Improved Method 

The oscillation amplitude of the pickup bottom is 
outside of the resonance of the order of magnitude of 

6 0 

10 millimeters = 10 A. It is smaller by about 3 powers 
of tens than the wave length of visible light so that 
stroboscopic interference methods with visible light, for 
instance, would no longer suffice for the measurements. 
In consequence we retained the principle of the test meth- 
od while modifying the test element. 

Calculation of measuring effect .- In the new version 
indicated in figure 15, the bottom surface b of the 
pickup faces a flat electrode a at distance d so that 
both surfaces form the polf^s or sides of a condenser C. 
This condenser is charged across the resistance R by a 
battery with voltage E, Moving the bottom surface by 
Ax in direction x varies the capacitance C. The 
variation in charge produced hereby induces a current 
through resistance R which causes a voltage drop at R. 
In this manner a periodic distance variation produces a 
periodic alternating voltage on R which is fed into the 
grid of an amplifier tube. 
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For the calculation the capacitance variation is as- 
sumed to follow the law 



G = Cq + sincot 
whence, according to figure 16 



(20) 



E ^ i K 



i dt 



and 



(21) 



(E - i R) (Cq + sinw t) 



i dt 



(22) 



Differentiation with re<=pect to t affords 

(Co+Ci sino:-t) R (l +r odCicos oo t) i - StJOOi cosoot = 0 (23) 
at 

With the -Fourier- series - 

i. = 1^. sin (an. + O^) + '.I^ sin (2fa3t + op^) + ... . . (24) 
for i as function of t, the coefficients are: 



C / p 



(25) 



and 



ER 



oj J 



(26) 



For small value? of. .C-^./Cq all terms oth.er than 

the first can "be ignored. Then the alternatin^g voltage 
on R i s 
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C, ER , . 

u = i R = — s i n ai t ( 57 ) 



and its effective value 



U = ^ ^ (28) 



"^0 / / 1 \£ 



This voltage is independent of the frequency CO for 
great and approaches the constant limiting value 

E Ci 

yf ^ • 

Thus "by keeping 

^>,^ (29) 

U 'becomes practically independent of the frequency. In 
that event, the time constant of the circuit (R,C) is 
great compared to the period of motion, and thp test cir- 
cuit of figure 16 acts like the replacement circuit (fig. 
17a). 



With j = V - 1 , vr e therefore get 



U _ l_ . I U 

T = ^ ^ 1 • iT 



and the effective value 



EC- R 

U = -- TT^ (30) 

^o / 2 



But the capacity C^* of the control ar ran,^ement and of 

the tuhe which c o n t r ilDut e ? nothing toward the measuring 
effect is still -parallel to R, hence 
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EC-, 1 ■ ■ . , 



Co V 

according to the sulDstitute (fig. IVt ) 

For — ~ — - it then ■becomes 
Co ^ 



' , • S Ax 1 , , 

U = -7= — (32) 



2d /-o 

,- Design. of the mear>ur i ng • s e tup . - The valuation of the 

design" of the -measuring setup "is to "be "based on a suita- 
ble quartz pickup in \\^hich the elasticity of the pre- 
tension device is mild in contrast with the ela?; 1 1 ci ty of 
a quartz column consisting of two quartzes. Subjecting 
such a column to a voltage of about 200 volts causes it 
to change its length by 

Ax = 2di 1 .U 

= 2.x 2.12 X -10"^° cm/V x 200 V = 0. 848 x 10"^ mm 

This length change is independent of the column dimen- 
sions. Selecting the electrodes as circular disks with 
a diameter of 7.6 millimeters and a dista^nce of 0.003 
centimeters we get 

• 0.08-9 — 0.453 cm^ 

= T= o'o03 cm ^ "-'^^ 



At a condenser voltage of 300 volt=^ and an estimated con- 
trol and valve capacitance"- of ' - 20 pF we get 

E Ax 1 _^ 



1 4- 

0 



0 
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In order to o"btain a reading approximately independent 
of the frenuency at a"bove lOOO Hz it necessary that 

R ^ = 4.77 MQ 

" ^(Co + ) 

We decided on R = 10 MQ, with a grid resistance of 20 MQ 
across a coupling condenser of 1000 pF connected in par- 
allel, thus making the effective resistance about 6,7 MQ, 

Counting with a 100-fold excess departure in the 
case of resonance leaves a voltage of 0,23 volt* for the 
input grid of the amplitude recorder. Since this excess 
at resonance was not known for the time being, a measuring 
range from 1:1000 was provided. The absolute amount of 
input voltage increases with the condenser direct voltage, 
the upper limit of which is determined by the flash-over 
voltage. The input voltage is further amplified and rec- 
tified in the v^^cuum tube amplifier (fig* 18) so that the 
plate current of the output tube is an indication of the 
input alt ernating-^current voltage. For accurate coverage 
of the 1:1000 range with the reading instrum.ent, the am- 
plifier is fitted with variable \i tubes and automatic 
control. 

The input stage has a T 113 electrometer tube suit- 
able for high grid resistance. The plate rovsistance of 
all stages is 20,000 Q in view of the amplification of 
the frequency band from 10^ to. 10^ Hz, affording a suf- 
ficiently small amplification drop up to frequencies of 
10^ Hz. The grid of the second stage (AFS) is affected 
by the regulating voltage of aduodiode AB 2 which, at the 
same time, takes care of the defection of the amplified 
measuring -volt age . The direct voltage occurring on the 
second plate or lead resistor of thp duodiode is once 
more amplified by a direct current am.plifier stage after 
being filtered by a R,G mem.ber and' the plate current of 
the last stage measured with a -lOQ ( Si emens-Hal ske ) 
instrument . 

In this test method the pickup itself forms one 
electrode of the condenser microphone, thus removing the 
disturbing frequency limitation of the test range to 
lO'^ Hz and the disagreeable effect of the air path between 
pickup and microphone. 
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Provision? had been made to keep the electrodes a 
and b (fig. 15) under vacuum go as to raise the suscep- 
tibility of the test setup by a maximum condenser direct- 
current voltage. But it was found that the measuring ef- 
fect below the minimum voltage of Paschen^s law (air about 
330 volts) was amply sufficient. Thus the disagreeable 
vacuum was avoided. The pickup was arranged upright. 
The electrode a forms the front of an elongated cylinder, 
which made it poj^sible to bring it near to the bottom sur- 
faces of pressure pickups having a gas passage as pressure 
transmission, link. This cylinder is mounted in the center 
of a heavy steel plate (fig, 19) originally intended as a 
pump plate' for a vacuum bell and keeps vibrations away 
from the electrode. Then the entire unit was mounted on 
a shock-proof table, thus assuming good body acoustic 
isolation. The steel plate rests on a U-iron frame, be- 
low which the am.plitude' recording instrument is arranged 
so that it can be connected to the measuring finger by 
means of a low capacity plug connection, with the result 
that the additional control capacity lowering the meas- 
uring effect, can be kept small. The pickup t'ogether 
with the bottom surface is advanced toward the measuring 
finger by means of a support with vertical micrometer ad- 
justment, the driving spindle of which permits a reading 
to about a 1 / 1 00-mi 1 1 im e t e r setting. The support is 
mounted on an upright steel .plate held by an angle-iron 
frame. The pickup can be mounted into the support by 
itself or in conjunction with a large m.ass. Since the 
movement of the .masses through the spi.ndle of the support 
did not appear to be satisfactory, the arrangement indi- 
cated in figure 20 was reported to. . The weight is divided 
over the thre<=^ spindles of the locking ring. This assures 
correct ad Ju.s t.men t. of the capacity Cq even with large 
m^asses. Coupling between test specimen and vibration 
susceptible parts of the setup are avoided by im.bedding 
the test specimen in soft rubber. In spite of the meas- 
ures to guard against body acoustics, the setup was sus- 
ceptible to atmospheric 5»ounds so that the measurements 
had to be made at special hoiirs of the day. 

The current source, for -the variable frequency was a 
home-made- beat buzzer. with a freouency up. to 12 kHz., 
which was subsequently re.pl.aced by a Siemens-Hal ske .prod- 
uct having a 100 Hz^ t..o .100 kHz .frequency rang.e.. T.h.e fre- 
quency uncertainty after calibration amounts to 0.005 f ± 
25 Hz. • However,, since this, buzzer sup.pli.ed voltages of 
only, about 20 volts, it had to be raised to a.b.out 150 
volts by a plate fed last stage. The complete setup is 
shown in figure 21» 
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V, MSASURSHSl^TS 

The measurements were made with the following ends 
i n V i e w ; 

(l) The piezoelectric pickups were to "be explored in 
the-range between 1 and 100 kHz. 

(S) For the recording of the resonance curves, only 
relative values of the ordinate?^ are required, 

(3) The reading of the amplitiide recorder in the 
neighborhood of 1 kHz is very little dependent upon the 
frequency and the amount of capacity C^. The latter is 

to he kept as constant as possible. 

(4) l^ecause of the automatic control of the variable 
\i tubes, the reading is appr '^i^i mat ely logarithmic rather 
than line a r» 

(5) The amplitude recorder can b e calibrated with 
the hook-up shown in figure 17b; it affords a voltage 
which at frequency f produces a deflection Aa of the 
reading instrument and serves as a relative indication 
of the motion amplitude of the pickup bottom, 

1. Frequency Variation and Calibration 

Curves of Amplitude Hecorder 

Following a number of preliminary tests for perfect- 
ing the eq_uipment , the frequency variation of the ampli- 
tude recorder, shown in fi^^ure 23, v^as determined on the 
hook-up indicated in figure 22. It is a trifle higher 
at higher amplitudes than at lower amplitudes. This is 
due to the fact that, because of the automatic control of 
the instrument, the operating point of the variable |-i 
tube shifts at higher amplitudes toward the lower, more 
curved part of the tube- characteristics so that the 
higher harmonic volume increases because of greater dis- 
tortion. But the higher harmonics are not evenly ampli- 
fied so that the amplitude is weakened. 

The findings for three frequencies are shown in fig- 
ure 24, These curves are valid for a definite capacity 
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Cq only. Consequently the correct had to he estah- 

li shed ■ ervei^y f me -during the pres^^ui^e p i c kup . i nv e s t i ga- 
tians.. It .was .accomplished hy ad jus t ment . of , a correspond- 
ing di stance ..of. . the h ot t om - sur f ace of pickup h and the 
opposite electrode a, . as the internal capacity of the 
amplitude -recorder. . rem.ains the samer • - • 



2. Study of Piezoelectric Pickup 
of Various Types and Sources 
The study included the following types: 

• (1) Piezoelectric pickup manufacture A (fig. 12) 
{2) piezoelectric pickup, manufacture B 

(3) Piezoelectric pickup, Kieurer type (fig, 6) 

(4) Piezoelectric pickup with prestressed flat 

• spring (fig. 26 ) " . _ 

• (5) Speci-'^l design with welded sprint:; . bushing - 

. (f i^:. 27 ) / ^ 

(6) Special design with threaded spring "bushing and 

with gas seal .(fig. 28) 

(7) Same a3 6,- ready to operate, with gas seal 

(3 )' Spring hushing as in-5 r^nd 6 (fig. 29) 

Some of the pickups were tested with and iv^ithout a 
threaded mass '=^u'b s t i tut i Rg for the- engine casing mass. 
Since the resonance curves "below 1000 Hz were not deter-- 

mined, the sub s e quent • curve s carry the ratio x/x as 

- 'a 

ordinate,' x denoting 'tlie deflection of the pickup bot- 
tom *at frequency f and ^ Xp/ the deflection at the be- 
ginning of the resonance curve, usually at 2000 Hz. 

'In order to emphasize the reson-ahce curves only the 
measui*6d points shown as small rings' are given in figure 
SI. The test ^.points are just as' close in all curves. 
The resonance curves were slowly an-d evenly covered so as 
to definitely, s ecur-e-- all- maximum and minimum values with 
closel-y spaced test, point's. • .Duplications of the measure- 
ments with the same setup showed comple'te "agreement of 
the curves. 
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Pie zoelectric pickup / design A (wt-, 161.0 gyams; fig 
12; resonance curve, fig, 30).- This pickup is character- 
ized hy the mechanical pretstress of the quartz column, 
accruing from a comparatively heavy flat f=?pring made of 
one piece with the l^wer part of the casing. This mako-3 
the pre-tension depende.nt upon the temperature of the fl-^ 
spring and the tightening of the threaded connecti'^n due 
to the threads of the pickup in the spark-plug hole, 1'he 
pressure transmission link is a piston. No v/ater cooling 
was provided. 

Curve a, piezoelectric pickup without mass: The 
first minor departure from the initial defleciion occurs 
at 3750 Hz, followed by another at 4750 Hz. There are 
two fairly undamped maximum values at 8350 and 9500 Hz, 
which chould he regarded as natural frequencies. The 
maximum at 9500 Hz might he at trihut ahle to the mass of 
the pressure transmission piston, elastically supported 
on the quartz column a?,d the elements in "between* 

Curve h , piezoelectric pickup with mass: On loading 
the pickup with a mass (fig. 20) of ahout 3 . 6- ki 1 ogr am 
weight* the maximum valuer shift considerably and new 
maximum values occur^ Herev/ith the practicability of the 
pickup is restricted to the r=3nge up't'^^'hout 3000 Hz. In- 
cidentally it is pointed out that the position of the 
maximum, value s can. he varied only through the. varyingly 
severe tightening of the pressure pickup while attaching 
or removing the mass in the different test series. This 
is especially true on this pickup design because the pre- 
tension of the quartz column is produced by a flat spring 
which is machined from one piece with the casing. 

Piezoelectric pickuT), design 3 . (vt 19 3.9- grams; • 
resonance curve, fig- 32).- The quartz column of the piez.o 
electric pickup comprises eight ouartz plates which re- 
ceive their mechanical initial stress largely from a flat 
springy which, however, is not solidly built in on the . 
edge", but whose edge rests only on one side while the 
center of the opposite side presses against the quartz 
column. The link transmitting the pressure is an elon- 
gated piston secured by a thin diaphragm which presses it 
against the flat spring and seals the pickup against gas. 
Jhere is nc water cooling. 



**'Hereinaf t er the weight is always to be construed as the 
weight of the loading masses. 
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Pickup with mass of about 3,5 kilograms: The first 
minor departure from the initial deflection ?5howed at 
about 5500 Hz, the first major departure at 6200. Hz. The 
natural freouencies are located at about 16,600 and 13,000 
Hz, It is practical for recording vibrations up to about 
5-000- Hz. The maximum values are damped very little. 

Piezoelectric pickup acc o rding to Meurer (wt. 268.0 
grams; fig. 6; resonance curves, fig. 33 ) . ~ This pickup 
has water cooling. The mechanical prestressing of the 
quartz column is effected by spring bushing. Its short- 
coming lies in the gas passage as pressure transmission 
link. 



Pressure pickup with mass of about 3.6 kilograms: 
The first departure from the initial deflection occurs in 
curve a, at 6500 Hz. The maximum values are situated at 
23,600 and 24,400 Hz. Since the departures at 11,900 and 
12,300 Hz appeared to be due to hijrlier harmonic waves of 
the exciting voltage, a sec-nd test serie? (curve) was 
carried out with the mass before the quartz plates in- 
creased by a threaded additioiial ma=^s. This shifted the 
maximum values from 23,600 and 24,400 to 15,050 and 16,300 
Hz, but the departures at 12; 000 Hz and that at 6500 Hz 
remained at the old place, which did not support the pre- 
vious suspicion, and at the s-^me time proved that the max- 
imum values at 23,600 and 24,400 Hz are actually attribut- 
able to the Oscillation of the mass before the quartz. 
This pickup would be practical up to about 6000 Hz if the 
pressure transmitting passage did not already cau^e diffi- 
culties at low freduencies. 

Piezoelectric- pickup with pre-tension flat spring 
(wt. 245.3 grams ;• fie:. • 26.; resonance curve, fig. 34),- 
This pickup also has a water-cooling system consisting 
essentially of an annular channel in the bottom of the 
Casing. The mechanical pre-tension of the ouartz column 
is accomplished bya flat spring of about 100 kilograms* 

Pressire*. pickup .with mass of about 3^6 kilograms: 
The first departure from the i ni t i a 1 ' d e f 1 p o t i on occurs at 
3050 Hz, the maximum resonance values at 6250 and 3750 Hz. 
This pickup Can therefore be used for reccrdiri^!: vibrations 
up to about 2000 Hz, Since 'this, like the pickup of de- 
sign A, shows 'maxir-umi • res onance values at very low fre- 
quencies, it is concluded that such pickups with pre- 
tension flat springs are not suitable for high-frenuehcy 
m e a . s u r e mi e n t 3 . 
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Pickup p.f special design with we lded spring "bushing 

"but without gas sealing mem'b^rane (wt , 66.5 grams; fig. 27; 

resonance curves, fig. 35). The outstanding feature of 
this design is its small "bulk, notv/i thstanding its satis- 
factory water cooling. The plug is spot-welded into the 
spring "bushing which furnishes the mechanical pre-tension 
of the quartz column. The spring extends into the 
threaded connection and provides a smooth fit of the 
pickup "bott om, hence elim.inates separate pressure trans- 
mission links. The pin of the middle electrode is posi- 
tively connected v;ith the plug pin "by means of a very 
flexi"ble spiral spring which amply insures mechanical un- 
coupling, T"ne gas seal necessary in pressure measurements 
was omitted in this te^t. 

Pressure pickup with mass of a"bout 3,6 kilograms: 
The first departure in curve a occurred at 11,300 Hz and 
was trifling. Only one resonance maximum occurred at 
44,300 Hz and it was weakly damped. To denote the effect 
of the mass of the plug on which the amplifier cahle is 
connected, the aluminum -plug "bushing was replaced "by a 
30^7-gram mass of steel. The resonance curve maintains 
its character, as indicated "by curve "b • 

The adv4^ntage of this over the first four other 
pickups is startling. It can "be used up to a"bout 11,000 
Hz as oscillation recorder. 

Pickup of special design with threaded spring hush - 
ing without fcas sealing membrane (wt . 64.2 grams; fig. 28; 
resonance curves, figs 36 and 37).- The threaded spring 
permits removal of the auartz from the hushing for clean- 
ing. The gas sealing memhrane was not in operation dur- 
ing the recording of the resonance curves in order to 
preserve comparability v^ith the pr crding curves. 

Pickup without mass: This pickup was first explored 
'without mass loading (fig 36, curve h). The first de- 
parture from the initial deflection occurred at the very 
low frequencies of 1000 to 3000 Hz. The cause of it was 
traced to the connecting rod between central quartz elec- 
trode and pin plug which starts oscillations in the pin 
and thus causes the departure. After the originally 
rigid connection of the central q^uartz electrode with the 
pin plug had been replaced by a very flexible, thin 
spiral spring, the cause disappeared (fig. 36, curve a). 
However, the next test series with the improved pickup 
installation disclosed that the minor departure occurring 
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at alDOut 12,300 Hz had shifted toward 10,900 Hz. This 
proves, that the location of the resonance is also depend- 
ent upon . the 0 ont ingenc i e s of the restraint in the as- 
sembly so that pressure pickups of the same design may 
manifest s omewhat di s s im i 1 ar resonance curves. 

Piezoelectric pickup with 3.5-and 0,73-kilogram mass. 
A change in mass from 3.6 kilograms (fig. 37, curve a ) 
to 0,73 kilogram (curve "b ) produced no marked changes in 
the lower freouencies, nor could a 30,7-gram, increase in 
contact mass "be detected on the resonance curve (curve c). 
In contrast to pickup 5 the principal resonance area is 
situated at ahout 40,500 Hz, or 3300 Hz helov; that of the 
welded. ver si on • In accord 'with this the welded connec- 
tion is superior to the threaded connection for achieving 
higher natural frequencies for equal spring pre-tension. 

Pickup of speci al desi^rn with threaded spring "bush - 
ing, finished with gas sealing membrane (wt . 68,5 grams; 
fig. 28; resonance curves, fig. 38).- The gas sealing 
membrane required for gas pressure recording is 0,05 
millimeter thick. It is attached on the bottomi of the 
spring buojiing with a screw of heat-resistant steel, which 
forms the bottom closure of the pickup. A threaded ring 
of the same kind of steel holds the membrane on the cas- 
ing, the gas seal consisting of thin copper gaskets. 
The clearance between the screw and the threaded ring is 
0,2 millimeter so the forces on the membrane are small 
and prolong its life. The bottom of the pressure pickup 
is smooth except for the 0,2 millimeter wide and 1.2-m.illi 
mieter deep ring slit. The cooling of the casing and of 
the spring bushing in the threaded connection has proved 
satisfactory even by detonating operation. 

Pickup with 3,6-kilogram massi The resonance curve 
manifests onlv minor variations. The first departure 
from the initial deflection occurs at 11,300 Hz, the prin- 
cipal resonance at 39,000 H?. With kno^-^ledge of the fre- 
quency to be measured, this pickup would insure amplitude 
records practically up to 30,000 Hz with relatively small 
errors. 

In the tests, so far, the loading mass had been 
screwed to the pickup over an iron-asbestos ring exactly 
as for engine operation. This ring was now replaced by 
an aluminum ring (curve b). It resulted in a new depar- 
ture at about 4500 H^z , which probably corresponds to the 
Oscillation of the sound concentration formed by pickup 
mass, loading mass, and elasticity of screw joint. This 
oscillation is not detectable when the iron-asbestos ring 
is used. 
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A se'ries .of tests v;as also made on this pickup with 
increased, ma.ss "before the .quart-? (curv.e c)^ Th.e principal 
resonance areas were found to have. shifted downward. The 
maximum departure occurred. at 3."^, 200 H^. In addition, 
new resonance areas occurred. The entire curve hecomes 
more uneven in the low f r eou.enci es .. Th.e.fi-rst minor de- 
parture, however', remains at its posit. ion of. 11,300. Hz. 

Springs of the pickup of a special des ign with welde d 
or threaded thrust "block (fig. 39; resonance curves, fig. 
39).- The two springs di'ffer only in the closing piece. 
While the welded " vers i on is simple to m^ahufacture the 
threaded "bushing requires much more"" care, especially dur- 
ing a G s embly • "b e c au?^ e of. the. linear dimensions involved. 

In order to prevent corrosion through the cooling 
water, the bushings • should • p.refe.T ahly be' of rustproof 
steel or el s e. rus tpr oof ed . Since the bearing surfaces of 
the quartz crystals require a carefully worked and level 
base, the lowest electrode is formed by a steel disk 
machined on one -side which is pressed; in the busnin.g bot- 
tom between an aluminum. gasket which causes the aluminum 
to spread and.. fill the. space in between-. The resonance 
curves indicate the superiority of the-.-weld. The welded 
V e r s i on ■ ( curv e a) with a weight of 9 , 1 • grams as against 
15 grams for the threaded (curve b •) indicates- a very fa-. 
vorable. course of the reFJOnance curve as far as the prin- 
cipal resonance area;. the sole minor departure occurs at 
35,100 Hz,.. Then, there is no more departure up to the 
principal resonance which is located at 70,000 Hz. It- 
seems. .as if the .d..epa.rtur e at. 35,100 Hz were due to a 
higher harmonic of t.he. exciter voltage/ There are smaller 
maximum values at 73,000 and 73,500 Hz and ultimately a 
slight dep.arture at -77,600 Hz,. In contrast hereto,' the 
threaded . ver s i on .( curve b) m.anifests the first departure 
at 22,000 Hz. The first major departure occurs 'at 48,400 
Hz, the principal resonance at 62,400 Hz. On the whole, 
the curve is m.uch more uneven than for the welded version. 



VI. FINDINGS 



The resonance curves of th'e piezoelectric pickups in- 
dicate that even the best design types explored here man- 
ifest departures from the initial value even in the ap- 
proxim.ately linear portion, and they are far greater than 
the errors involved in static .m.easur ement s • Hence, static 
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calibrations of piezoelectric rpcorders maintaining an ac- 
curacy of 1 percent or "better can "be fully utilized only 
if, in addition to the knOT^rledge of the resonance curve, 
the frequency of the vi"bration under investigation can "be 
determined. The eyperiments indicate the .superiority of 
pickups 5- and 7 over the others. Conclusions can he . 
d-rawn concerning the design of such p r e s sur e pi ckup s , and 
the f-reouency ranges- ohtainahle. 

To "begin with, the design should he as simple as pos- 
sible so as to afford oscillotion patterns with few degrees 
of freedom; the more complicated the design the more d.e- 
grees of freedom must "be expected. 

The pre-tension "by spring .hushing is .superior to. 
that "by flat spring. 

The mass "before the auartz should "be as small as pos- 
sible, even though the frequency scope is not solely ^^ov- 
erned by the mas^ before the quartz, but -by miuch lower 
natural frenuencies obviously due to the oscillations of 
the casing or thr threaded connection* 3ven so, the ac- 
tion of the masses before and behind the quartz is con- 
tributory toward the distortion of the re^^onance curve of 
the system (m^jC^). Admittedly the ratio of the masses 
could be-kept at a minim.um by increasing the mass behind 
the quartz although mass concentrations behind the quartz 
conceal the hazard of formation of new configurations sus- 
ceptible to oscillation. • 

Screw connections should be , kept at a miinimum.. The 
welded Joint seems superior to the threaded Joint, 

G-as passages with or without damping should be 
avoided, since they frequently shift the upper frequency 
lim.it mxuch below that obtainable on the mechanical oscil- 
lation system. The am.plitudes of pressure vibrations can 
be . obtained wi th acceptable accuracy up to 10,000 or 
11,000 Hz with pickups 5, 6, and 7, and freouencies as 
high as 26,000 Hz by ndmittance of greater errors within 
a lim:ited freauency range* 

If tne requirement for the mieasuremient does not 
specify the use of the sioark-plug hole, the welded spring 
bushing could, for instance, be mounted direct into the 
wall of a combustion bomb. In that event, frequencies of 
50,000 to 60,000 Hz are recordable. Since the explored 
spring bushings were designed for installation in pressure 
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■pickups of engine cylinders, they are readily adaptalDle 
to combustion "bom*b use by making the bushing bottom thin- 
ner and using foil for the middle electrode of the auartz 
This should raise the principal natural freouency to 
10 0, 000 Hz. 

The emiployed trst "method has proved satisfactory, 
and so closes the gap heretofore existing in the correct 
analysis of piezoelectric recorder^^. The study of pres- 
sure pickup, recorder, and accessories now permit a satis 
factory appraisal of the oscillation characteristics of 
the whole t est arrangement . 



DISTURBANCE OF P I SZ OELECTHI C RECORDER 
READINGS THROUG-H MASS EORCES 



In the pressure mea'surement <5 on en^rine cylinder?: by 
pie?oelectric recor-ders 'the gas forces are superposed by 
disturbing niass forces produced by the pickup. Methods 
of combatting these forces' are described. The elastic 
suspension of a measuring quartz is analyzed; heretofore 
unobserved potential errors were appraised and checked by 
experiment. Suggestions for removing the sources of 
errors are outlined. 



VII . PROBLEMS 



The aim in engine research to mea'^ure pressure proc- 
esses with a minimum^ of inertia has brought about the de- 
'velopment of the piezoelectric recording method which af- 
fords the correct measurement of rr.uch more -rapid pres- 
sure changes than any other known method. 

Its practical 1 i:*:i t n t i on is governed by t-he oscil- 
lating properties of tne piezoelectric pickup. Unfortu- 
nately this method is afff^cted with m.ass forces which, in 
the piezoelectric pickup illustrated in figure 4 0, are ^ub 
stantially due to the mass of the pressure transmission 
links d and ■ b and to a lesser extent to the mass of 
quartz a. Eliminating the pressure transm.itting piston 
d, replacing the central electrode b by a thin foil, 
and using smaller quartz plates results in a marked 
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reduction of the mass forces. At accelerations equal to 
1000 times gravitational acceleration, for instance, a 
quartz cylinder of 6 millimeters in diameter and 3 milli- 
meters in height would produce a mass force of about 0.220 
kilogram. Since forces acting on the quartz in engine 
pres sure" measurement s are usually by about two orders of 
magnitude higher, the problemi of mass forces would he 
largely solved if the mass of the pressure t r an sm.i s s i on 
links could "be eliminated. It would e-^^-en afford high 
natural oscillation characteristics for the pickup, since 
the mass forces and oscillation characteristics are 
Jointly determined by the masses existent in the pickup. 
Because of the thermal stress on the pickup in the engine 
cylinder some m^ass, even though small, before the auartz 
is unavoidable. As a result different ways of making the 
mass forces ineffective for the reading have been attempted. 

VIII. CONVENTIONAL ARRANGEMENTS 
WITH LOWER KASS FORCE READING 
!• Use of Double System 

The mass force reading can be m.inimi^ed, according 
to Jrostlethwaite (reference 26), by the use of two sys- 
tems in the pickup unit: a pressure system and a vibra- 
tion system. But the second system responds only to the 
accelerations, not to the gas pressure. The vibration 
system is arranged to deliver an equal and opposite elec- 
trical charge from that delivered by the pressure crystals. 
Unfortunately, this measure results in making the pickup 
fairly big and its cooling difficult and probably renders 
the exact balance of the systems difficult. In addition, 
the second system creates a new vibration pattern, 

2. Use of Balanced Piezo with Different 

Piezoelectric Modulus 

Bekesy (reference 22) utilizes the relation of the 
piezoelectric constant and the direction of cut of the 
ouartz. By appropriate choice of modulus and of the 
masses of the system, a vibration unit unresponsive in 
pickup axis direction can be built up with two auartz 
crysta.ls. According to figure 41, for instance, the 
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quartz masses are identical.. The piezoelectric modulus 
of the upper auartz is only a third of that of the lower, 
hoth pieces of quartz "being arranged to deliver opposite 
electrical charges. Thus, the mass of the central elec- 
trode is twice as great as that of the cover plate. By- 
reason of the differential connection of the two quartz 
crystals, the sensitivity drops to one -third of that of 
the conventional auartz arrangement, for which the in- 
sensitivity is exchanged for .reduced vibrations, 

3. Elastic Suspension of Quartz 

Lastly,, there are the attempts hy Fahrenthol?, Kluge , 
and Linckh (reference 23) to minimize or suppress the ef- 
fect- of. the mass forces ahove a specified frequency hy 
elastic suspension of the auartz. In the diagrammatic 
sketch of the pickup (fig. 42) one quartz is suspended 
"between two flat springs whi ch" maintain . the quartz simul- 
taneously under initial tension, the upper one serving as 
tapping; electrode for the auartz charge and "being there- 
fore highly insulated. The auartz surfaces are curved. 

Because of its simplicity, this arrangement is 
studied in detail. 

IX. THEORETICAL ANALYSIS- 01 TEE ELASTIC- SUSPENSION 
OF QUARTZ BETWEEN. TWO FLAT SPRINGS 
Notation 



A proportional factor (V/kg) 

a motion amplitude (cm) 

"b acceleration (cm/s^) 

C elasticity (kg/cm) 

F • surface (cm^) 

f • frequency (Hz) 

f-j^.,4 natural oscillation characteristics (Hz) 
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m m.as s (k^ s*^ /cm ) 

P force (kg) 

p pressure (kg/cm^) 

X deflection (cm) 

deflection of mass m^ (cm.) 
(JU angular frequency = 2 tt f (l/s) 



1. Natural Vibration Characteristics and Mass Forces 

What is the conduct of this system relative to its 
natural vibration ch.^ r a c t e r i s t i c s , the miass-iorce indica- 
tion, and the gas-pressure reading? As to the first, the 
resonance curve of the system is largely informative. In 
order that the static calibration retain its validity at 
high frequencies a well, the r^^sonance curve must mani- 
fest no marked departures thrOM^'hout the entire freoupncy 
range concerned. Resonance cur^^e ^^nd static-calibration 
curve should retain validity even for simultaneous ap-- 
pearance of gas pressure and mass forces. Information 
concerning the resonance curvp can.be obtained by first 
attempting to establish the natural vibration characteris- 
tics of the system. The system indicated ir. figure 42 
can vibrate preferably in tv/o natural vibration modes. 
In the first mode the flat springs lying against the 
quartz execute opposite motions; in the second, auart? 
and flat springs vibrate synonymously against the casing. 
The natural vibration characteristics fj of the first 
which is relatively high depends upon the sT^ring mass, 
the size of the nuartz, and the properties of the contact 
surfaces. Since the masses of tne flat springs load the 
quartz, f3_ is situated correspondingly lower than the 

natural vibration characteristics of the quartz alone. 
Several hundred thousand vibrations per second should be 
attainable , 

The vibration characteristic " f^ of the .second mode, 
indicated in figure 43 by the mechanical substitute pat- 
tern of this mode, is defined in the sum m^ of quartz 

masses m^ and flat soring masses, mj^ and, in addition, 

by the elasticity' c-^ and Cg of both springs relative 

to the casing m.ass mQ_, which may be assumed to be very 

great. It is to be noted that Cj and c^ represent the 
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concentrated forces that effectuate a deflection of 1 
centimeter. It is expedient to visualize these deflec- 
tions as heing so small at first that the elasticity 
values may he considered constant. By major deflections, 
whether due to mass forces or gas forces .or "both, this is, 
of course, no longer permissible. The f2 of two flat 
springs 0.2 millimeter in thickness and 8 millimeters 
in diameter and a 3- "by 6-millimetor quartz amounts to 
several thousand vihrations pv^r second. More flexible 
springs would put fa lower hut, at thr same time, would 
also lowrr thr- p r e s sur r -r r c o r d i ng rang'" for roa^ons of 
s t r rngt h . 

The effect of vibrations of the pi e-z oelect ri c pick- 
up on the tension at the quartz, that is, on the reading 
of the instrument, is analyzed first. 

If the casing mass mg. of the substitute vibration 
system indicated in figure 4? executes vibrations under 
the effect of accpleration alternations of amplitude b, 
of frpnucncy f and amplitude a, thr deflection x^ 

of mass m^, with damping discounted, is.* 

ni2 ^— + c(x^ - a sin. cat) = 0 (?3) 
dt^ ^ 

After thf^ transitory state a simpl:^ 
gives the amplitude of spring travel x 

spring c with c/m^ = iX)^^ at 




(34) 



and the mass force amplitude of ..mass, m.^ at 
1-3 = m^co'^ (x + a) = c X 



If the static calibration is to be used for the vi- 
bration measurements, the operating frequency of the 
piezoelectric -oickup of figure 40 must, because of the 



calculat i on 
= x^^ - a of 



= - mpb 



(35) 
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departure indicated in figure 44, remain small compared 
to the lowest natural vi"bration characteristic of the 
resonance curve. Accordingly, as mentioned alcove, the 
lowest natural vil^ration characteristic is preferably 
shifted upward as m.uch as possible. For that very reason, 
the occurring acceleration freouencies themselves will 
ordinarily be small compared to the lowest natural vi- 
bration characteristic. In this event the mass force in 
'the quartz is, according to eauation (3^), without al- 
lowance for the masses of the piston and the electrodes- 



Pg = - m^b (35) 

But, if the natural vibration frequency of the second 
type of vibration system of figure 42 can be made small 
relative to the freouency f of the exciting accelera- 
tion, as obtainable by flexible mounting, we get 

that is, the mass force in the auartz is reduced in the 
ratio .(fg/f)*^.. Furthermore, appropriate choice of size 
of fl^t springs makes it possible to keep the mass force 
of the ouartz, which itself is small compared to the gas 
forces, piezoelectri.cally ineffective (reference 23). 
The potential difference U,^ produced by it at the small 

deflection x is proportional to the am.ount x(c2 c^). 
According to equation (3^J we get 



C , + Co 



with c = C'^ + c^ , hence thp difference in potential 
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where for alD or ev i at i on 



1 



1 + 




= or. 



■m » 



and 



A 



indicat es 



a constant denoting the "r^^lation "betv/een potential and 
force. U-^ 'cecomes zero when nr.j-^ = 0, that is, . c^^ = Cg. 

In that event the mass force of the auartz is not included 
in the measurenient . In relati on with the freouency f of 
the exciting casing vibration the results are: 

Within range f < f^ the mass force of the quartz is 
fully effective. 

Within range f > f^ it is reduced in the ratio 



Within range f ^f^ it increase correspondingly 
to the departure- at resonance of the system. 

In all case? includin?^ that of resonance f^ it 
^^^ill not "be indicated if c^ = c^. 

The next problem is to establish the extent to which 
the condition c-^^ = Cg or c^/c^ = 1 can be satisfied 

by an arrangement as indicated in figure 4??. The vigor- 
ous mathematical solution of the spring characteristics 
seems scarcely feasible, since the calculation of a flat 
spring rigidly clamped on the edge and loaded on one. side 
under gas pres^^ure, on the other by a c one ent r at e d f ore e , 
is unknown so far. But in order to gain, some insight 
into the possible aspect of similar spring characteristics, 
some simplifying assumptions - to be checked experimental- 
ly as to their reliability ~ are m.ade. 

It is presumed that both flat springs have identical 
spring characteristics, as heretofore always tacitly as- 
sum.ed in the literature. It is further assumed that the 
two springs are identically stressed by uniformly dis- 
tributed load, since this case of the clamped circular 
plate with great deflection is adequately covered by 
empirically proved approximate formulas (referrnce 25). 
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The example serving as "basis of the present appraisal 
relates to two flat springs of-0.2 millimeter in thickness 
and 8 millimeters in free diameter between which a 3-milli- 
me t e r -th i ck quartz with curved surfaces is clamped under 
9 kilograms of initial tension. The pressure relation with 
the contact surfaces created "by the curvature of the sur- 
faces is not considered, 

Figure 45 shovrs the - characteristics of the two flat 
springs thus computed, x being the deflection of the 
quartz from rest position. Since the quartz must be 
maintained undfer initial tension, the flat springs are 
bent along different directions in the undf=^ 1 1 e ct ed state 
of the system. 

This explains why the lower spring under load from 
below Can become more flexible, while the upper becomes 
definitely stiffer. The spring characteristics of fig- 
ure 45 afford the elas"^icit.y values of figure 46, v/hich 
agree with' reality as. will be shown later. Herefrom it 
may be concluded that the reading of the m.ass force is 
not suppressed at gr e at de f 1 e t i 0ns , ' b ecaus e ajv, = 0 

only by identically, great elasticities. 

2. Gas Prpssures. 

Strictly speaking; the external force produced by 
the pressure, p is evenly distributed, over the entire 
lower flat spring. A certain portion is absorbed by the 
restraint, while a much smaller portion is transmitted to 
the upper flat spring by the quartz located behind it. 
Since this portion acts as a concentrated force on the 
upper flat spring, the present loading condition of the 
upper spring is the same as previously for the mass force. 
The transmitted- and hence indicated portion of the force 
is 

Pa = 02 X (39) 

If the lead on the lower flat spring wpre a very 
small concentrated load rather than the. uniformly dis- 
tributed load, about half of it would be taken up by each 
of the two identical si^rings. This- had been the general as- 
sumption in the theoretical treatment of the elastic suspen- 
sion of a auartz under any gas pressure (refer^^^nce 24). But 
in reality, thf portion tak^n up by thr second spring is 
m.uch less than half the product of the force from spring 
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gui*face "Ff ■ and pre s sui^e ' " p . ■Consequently if is pos- 
sible to assign a utilization factor 0^- ' expressed "by 



la. 



According to equation fe9), the portion of the 

force is not affected "by the nonlinear! ty. of the spring 
characteristic, hence the static pickup characteristic- 
itself is nonlinear at greater deflections. 



X. EXP3RIMSITTS 



As a check on these arguments, experiments were made 
for the purpose of- defining the spring characteristics 
and the relative elasticity values o-f. a system conformatl 
to figure 42. .In this experimental setup the quartz ele- 
ment was repl-aced by an identical lens-shaped steel ele- 
ment. The experiments with uniformly- distributed load 
were made by means .ol oil pressure and recorded by a ma- 
nom:eter calibrated by weight loading on a pressure bal- 
ance. The deflections were obtained on a dial micrometer 
with an indication of l/lOO millimet er per scale division 
The concentrated load was applied over the lens-shaped 
steel element of a 15- mi 1 1 ime t e r curvature radius by bal- 
ance pan and weights to avoid frictional errors. The 
setup enabled thp recording of the spr ing. char ac t e r i s t i c s 
of the .entire system, under hydrostat.ic pres. sure, the 
characteristic of the lower flat sprin.g. under combined 
hydrostatic pressure .and c one ent ra,.t.ed load, and the char- 
acteristic of the upper spring under concentrated load. 
And from these data the quantities necessary for apprais- 
ing the system can be obtained. The particular system 
consisted of two spring-steel plates of 0.213 millimeter 
in thickness and 8 m.illi meters in free diam^eter and the 
lens-shaped steel element with curved surfaces of 6 milli 
meters in diameter and 2.973 millimieters in thickness. 
The tests were made with two different initial tensions, 
both of which were substantially below that assum^ed in 
the appraisa;l for reasons of clarity. The initial ten- 
sions were 2.15 and 5.40 kilograms obtained by shimxs of 
different thickness placed" between the flat springs of 
2.902 and 2.800 millimeters In thickness, r e s^oe c t i ve ly . 
Shims and clamping rings consisted of smoothly ground 
steel washers d-f 15.5 millimeters outside diam.eter like 
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the spring steel plates. The spring characteristics were 
plotte'd from averages at increasing and decreasing load, 
which usually varied hy les-' than 3 percent and ^^^ere 
readily reproducible. It is therefore not very likely 
that the yield point had "been reached. The various ex- 
perimental eaui-Dmf^nt is illustrated in figures 47, 48, 
and 49. 

^'igure 50 shows the recorded deflections x of the 
total system for the tvjo initial tensions; the stiffness 
is, of course, greater hy greater initial tc-^nsion as. may 
"be exTDected. 



Figure 51 (solid curves) indicate^^ the deflection-s 
X of the "bottom spring under comhined hydrostatic pres- 
sure p on one side, and concentrated load 
other side, with p as parameter. The 
pressure manifest opposite curvature to 
lower pressure. The dot-and-dash curve 
deflections x of the top spring 
1 oad . 



t on the 
lines of higher 
that of the 
indicates the 
under concentrated 



From these curves the desired o^uantities: elasticity 



values 



^1 and .^.^v. 
and the conseauent values and 

the deflection or the outside pressure can he obtained, 
as exemplified in figures 52, 5?, and 54; the deflection 
force Pg^ of the top spring heing computed with allow- 
ance for the kn 0 n initial stress. 



the force 



acting on the quartz, 
in relation to 



XI. RESULTS AND COITCLU S I OITS 



The experimen-ts ir^di-catpi th^^t the requirement 
c^/cs = 1 so important for- the "balance of the mass forces, 
is only approximately fulfilled within a very restricted 
range. The curve of the elasticity data (fig. 5^) is 
somewhat different fro::, that of the estimation (fig. 46), 
which is evidently' "because of the simplifying assumptions. 
The numerical data are markedly different, "but the ratio 
Ci/c;^ is little affected "by it. While the elasticity 
data are identical for all deflections at zero pre--tension 
according to the estimation, the test showed that it is 
actually not permissible even without pre--tension to make 
calculations under the assumption that c^ = c^ in the 
deflected state unless special measures are taken. Both 
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springs would have to "be released from the initial ten- 
sion and prefera'bly Id e sulDjected to concentrated load. 
In that event it can be expected that the mass force is 
not indicated at any deflection. On differently loaded 
flat springs a.j^ is zero only in the rest position, "but 

mass forces are indicated "by deflections. In the m.odel 
prolDlem at vibrations eoual to 1000 times gravitational 
accelerations, as may happen on a detonating engine, the 
mass-force reading due to quartz mass at 40 atmospheric 
gas pressure and 2 . 1 5 -ki 1 ogram pre-tension will, accord- 
ing to the test data, amount to ahout 0,022 kilogram 
"below fs, since ^ = 10 percent according to figure 

54. In contrast, the readinc-r due to gas pressure is 2.8 
kilograBiS (fig. 53), that is, at an exceptionally high 
acceleration the mass-force reading amounts to less than 
0,8 percent, and at lower pressures it is even less. 
Consequently the mass-force reading by the descri'bed ar- 
rangement is small even with incomplete balancing action. 
Not until other masses, such as that of a pressure trans- 
mission link, become additive does the interference in- 
crease. This particular case is being dealt with else- 
where . 

From the magnitude of the p r e s sur e -f o r c e factor Op 
(fig. 54) it is apparent that the partial force ap- 
plied on the quartz is considerably less than half of the 
total pressure . force. It does not remain proportionate 
to the pressure at greater deflections. This together 
with the relation of c^/cg to the deflection causes the 
static characteristics of the measuring system to become 
nonlinear in our example., as reflected on the thin 
straight lines of figure 53. In that manner, higher 
harmonics are induced in the output distribution by sinus 
oidal pressure alternations. According to the experimen- 
tal data the output control at the smaller pre-tension 
should therefore not be permitted to take place at much 
over 20 atmospheres. 

If the pressure acting on the measuring system with 
natural fre^^uency f^ is, instead of constnnt, a period- 
ically variable "t^ressure force = P-^-^q sin out with 
constant amplitude at variable freouency f., the deflec- 
tion X of the ouartz from rest position follows a res- 
onance curve conformable to figure 55 which, with damp- 
ing and nonlinear effects discounted, follows from 
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d y 



m 



3 



7 + c X = P,-^^ Pin UJt (40) 



c p 

v/nence we get after the transitory state, with — - ^2 ' 

• ^ = ^0 T— TTT (41) 



where is the static deflection. 



In the resonant zone f f ^ the nonlinear properties 
of the spring characteristics are especially effective ty 
reason of the anticipated very great deflections attending 
the re?!0nance departure "by factor p. In this instance, 
the mass -force reading would te especially pronounced and 
the test data would "be accompanied "by freauencies not con- 
tained in the instrumental ouantity. In order, therefore', 
to minimize the nonlinear effects in the zone of resonance, 
the measuring range outside of the resonance should iDe 
restricted to abo'ut the oth part of the approximately 
linear section of fhe characteristic^^, since in most al- 
ternating pressure measurer:. pnt^?, for instance, on engines, 
a range of freauencies which. m.ay contain the relatively 
low frequency ciust "be considered. The result may "be 

a very restricted p r e s sur e - r e c ordi ng zone free fromi dis- 
tortion. The nonlinear characteristics are especially un- 
wanted in gas-pressure mieasuremi^^nt s "because the gas pres- 
sure is usually super im-pos ed "by a constant pressure por- 
tion vrhich shifts the operating points even further into 
the nonlinear zone. 

According to figure 55, the deflection above the res- 
onance freauency f^ drops ouickly "belo^'^ the static fre- 
ouency and the ouestion is how low it can sink at all and 
still assume a correct re-tdrng. A"bove f^ the driving 
force, in this cas? supplied loy the gas pressure p, is 
largely utilized to accelerate the masses of the system, 
while, below I3 it previously strained the springs. 
Firstly, it is noted, that above f^ as a result of the 
decreasing deflections the nonlinear properties of the 
springs recede, as a result of which high-frequency mass 
forces are much "better removed than 1 ow„ freauency ones. 
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Then, in order that the reading of p a'bove is not 

falsified, the masses of the., flat springs must "be in the 
same mutual ratio as that of the elasticities, previously. 
The reading then will "be correct so long as the deflection 
remains great in proportion to the c om.-or e s s i on of the 
quartz and to the surface layers. This cea"=5es to hold on 
approaching the natural vihration fre-^uency f ^ . 

So for a pickup conformahle to fi.?:ure 42 the follow- 
ing is applicable: a complete suppression of indication 
of the mas?; force is secured when the control of the out- 
put is restricted to the zone in which the elasticity 
values of the two springs are practically in agreement. 
The quantity p sin cut in the neighborhood of the res- 
onance f = fg is reproduced without distortion when the 
deflection at frequencies outside of the resonance is re- 
stricted to the pth part of the linear section of the 
static-pressure pickup characteristics, because this is 
the only instance where, even by resonance, the linear 
part of the characteristic can be adhered to> Moreover, 
since mild flat springs are' desirable lor 'reasons of 
lower mass forces, the design of figure 42 is particularly 
suitable for 1 ov; pressures. Heavier springs may enlarge 
the linear zone i r. a given case, but without changing 
anything in the nature of the phenomenon. Besides, f^ 
would then be located undesirably high. 



All, • SUPPLEkENTAHY MASSES 



The elastic suspension of the quartz between two 
flat springs presupposes the measuring system not to be 
subjected to high' t emiOer atur e s . This rule^ out the de- 
scribed arrangemient for use in the cylinder wall of an 
engine, since the hot combustion gases v/ould change the 
spring characteristics comiple-ely. It was suggested, 
therefore, to use a pr e s sur e -t ran psr. i s s i on piston m]^ 

again and to equalize its mass forces by dissimilar 
spring stiffness, figure 56 (reference 24), But in that 
event the al r e adr - e x i s t i n >^ vibration possibilities would 
be supplemented by the longitudinal vibration of the 
pifston with the freauency f of the first harmonic. 

This natural vibr-^tion freouency provides tnat its wave 
length i::ust be comparable with. the length of the piston. 
For steel a 30-millimeter piston length v;ould yield 
at about 40 kHz, However, these f r e o uenc i e are not re- 
moved by tht clastic suspension but must be con<?idrred as 
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natural vibr at i on f r equrnc i e s of the system. Natural fro- 
quencies of this order of magnitude are ohtaina"ble with 
rigid thrust "block as well, if care is used, as curve "b in 
fip^-ure 44 indicates, except that with a r i ^ri d • t hru s t "block 
no exclusion of the mass forces is possible even at low 
freouencies. 

In order to remove the mass force of the piston 

mass m^ of the type indicated in figure 17 at low-vibra- 
tion freauencies, it was again suggested (rpfererce 24; to 
select dissimilar flat springs, pref erably • so tnat the 
conditi ons 

are satisfied. Then 



Cs P^ m^ 



(42) 



Now the bottom spring is mucn heavier than the one on. top 
and the sensitivity of the prej^pure pickup much lower. 
To illustrate: on a 6-mi 1 1 i m a t e r- t hi c k piston ?0-milli- 
meters long and a quartz of 7 m.illimeter3 in diameter and 
5 millimeters high, little less than 3 percent of the 
total pressure force is transferred to the quartz. This 
necessitates an exceptionally high amplification of the 
measuring effect in order to obtain the deflection volt- 
age required for the control of the output of an electron- 
ray oscillograph. This shortcoming can be avoided, accord- 
ing to the same suggestion, by disposing a m.ass m^ equal 

to the piston mass m^ behind the nuartz conformable to 

figure 57. But this produces a further natural vibration 
at which masses m^ and .. m^^ vibrate ."pp o s it ely , while 
the quartz and the not completel.' fitting contact surfaces 
form the spring link. The natural freauency f^ of this 

system is fairly low since quartz and metallic surfaces, 
even with the highest polish, do not fit perfc'^ctly with- 
out very high mechanical initial tensions, and therefore 
represent relatively mild springs (reference 17). And 
high initial tension is not pe rm.i s s i b 1 e , as shown else-- 
where, because of the nonlinear spring characteristics, 
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since it shiftf^ the oper?.ting point<5 too far into the non- 
linear zone, with the result that the natural frequency of 
a pickup conformahle to figure 57 Eay he lower than oh- 
tained with a rie^id thrust "block, where high initial ten- 
sions up to 100 kilograms or more are admissible and com- 
mon. The arguments for the correct reproduction of p sin 
cut are similar to those advanced for the arrangement in 
figure 42. 

Through the pressure transmitting piston and its 
eoualizing mass the mass forces to which the springs are 
subjected become particularly great when piston, quartz, 
and balancing mass vibrate synonymously against the cas- 
ing conformable to the natural frequency fg of the 

pressure pickup of figure 42, To illustrate; for a steel 
piston of 6 millimeters in diameter and 30 millimeters in 
length and provided with compensating mass, the weight on 
the flat springs is about lo.5 gr3ms. At vibrations 
equal to 1000 times the gravitational acceleration the 
springs v/ould be additionally loaded by 13.5 kilograms 
and, in addition, by the stress due to the gas pressure. 
If the excitation is by means of vibration freauencies 
at the corresponding resonance frequency f-;,^ the load 
becomes even greater because of the rise above resonance, 
of which then, because of the dissimilar elasticities at 
great deflections, a fraction n.^^^ is indicated. In this 

instance, the initial stress through the suspension 
springs is especially unfavorable. 



XIII. SUG-G-ESTIOIIS FO?. AVGIDIITG NONLINEAR DISTURBANCES 



The nonlinear disturbances of the reading by the 
pickup characteristic and the mas<=^ forces at great de- 
flections are attributable to the mechanical initial ten- 
sion on nonlinear flat springs and to the variation of 
the ratio of the pressure force portion reaching 

the quartz to the total pressure force E^p at variable 
pressure. 

The first cau^e can be removed by usin^ sxirings with 
linear characteristics and leaving the initial tension to 
the springs, or else re^iort to nonlinear springs of iden- 
tical characteristics and transmiit the initial tension of 
•a special pre--tension device. The latter can be accom- 
plished, for instance, by a tension spring conformable to 
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figure 58, which either passe? through the ounrtz or, as 
in figure 59, on the sides of the auartz or arranged in 
rings about the quartz to form a tubular spring around 
tiie quartz, which also makes wa t e r- c o ol i ng possible. It 
might even be appropriate to use two auartz in the con- 
ventional m.anner v/ith a small central electrode. This 
would, wnile lowering the natural vibration frequency, 
make the. design of the m.easuring system substantially 
simpler. But freouenciep above lOO kHz might still be 
unattainable, according to experiments. 

The second cause is probably best avoided by keep- 
ing the bottom spring free from, the uniforirl,/ distributed 
stress and attempting the use of a gas-sealing membrane 
conformable to figure 59, which leaves only a very minute 
clearance between the pickup casing and t^^e rigid pres- 
sure surface of the measuring unit so that the effective 
pressure surface remains the sane at all pressures. 
These measures appear to enable th^ design of a pressure 
pickup for use on r-nginr- cylinders that combines am^ple 
insensitivity to vibrations in 'pickup axis direction with 
high natural vibration freouen^y. 



XIV. CC1TO:.7SI01IS 



Of the conventional methods fcr suppressing the mass 
forces in p i e z o e 1 e c t r i c -p i ckup readings the elastic sus- 
pension seems to be the simplest. But the usual pickups 
with flat-spring suspen s i on, when the springs are used at 
the sam^e time for the ffiechanical pre--tension of the 
quartz, invites the danger of disturbances on account of 
the nonlinearity characteristics of the springs at con- 
ditions encountered in engine cylinders. At the same 
time, measures are necessary to make the magnitude of the 
effective part of the pressure- absorbing surface of the 
pickup independent of the pressure. The natural vibra- 
tion frequencies of pickups with pressure^transmitting 
pistons are dependent on the piston size and arrangement 
even by elastic suspension of the measuring unit. The 
initial tension of the nuartz due to the suspension 
springs is particularly unfavorable on sucn pickups be- 
cause of the greater masses involved. Sugp-ie s t i on s for 
the removal of the described disturbances are indicated. 



Translation by J. 
National Advisory 
for Aeronautics, 



V a n i e r , 
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Figs. 1,2, 
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Figuro 2.- Froquoncy of throe 

riiou-suring loops a — — 
c natural oscillation character- 
istics in air 10000 Hg. 
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-f-^^ ^ Figure 8.— Free oscillation 

curve of pickup 

Figure 3.-- Coordinate of fig. 12. 

distortion 
of fluorescent screen of 
a commercial engine indicator. 



Figure 19 Steel plate with test 
electrode and support. 

a. Steel plate 

b. Cylinder with electrode 

c. Support 

d» Piezoelectric pickup 





Figiire 20.- Mass of about 3«6 kg divided over locking ring 
with three adjusting spindles # 
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Figs. 5,6 




Figure 5, 



Icm 



Commercial piezoelectric pickup 
with subdivided gae passage, 
a, Spark pliog thread 
Gas passages 
Resonator space 
Gas sealing membrane 
Pressure transmitting plionger 
Quartz 

Central electrode 
Thrust block 
Spring bushing 

Heavily insulated contact pin 
Cooling water tube 
Casing 



e, 

if 
m. 



FigTire 6.— Meurer type pickup (our own 
manufacture) • 

a, Spark plug thread 

b, Gas passage 

c, Gas sealing membrane 
Gluartz 

Central electrode 

f. Thrust block 

g. Spring bushing 

h. Heavily insulated contact 
pin 

i. Cooling water tube 
k. Casing 



d, 
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Figs. 7,9,10 
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Figure 7.- Ratio of oscillation energy 

transmitted to an oscillator 
mass to drop energy of impact mass 
mj plotted against the ratio of both 
masses. 
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Pigure Simplified substitute view of 
piezo electric pickap. 
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Figaro 10#- Hosonanco curves computed according to equation 12, 
Curve a fi= 8,600 Hz Curve b fl= bOO Kz 

f 2=18,200 Hz f 2= 50, 000 Hz 

p^l-i:4 ^ p,21=l'100 
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Figs. 11,12,15,16,17,18 
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S, Buzzer with variable 
frequency f 
Pressure pickup 
KM, Condenser microphone 
SI.i, Sound pressure meter 
V, Voltirieter 
p, Sound pressure 



Figure Experimental sound pressure meter setup. 

Figure Old piezoelectric pickup, model A. 

a, Quartz 

Central electrode 

c, Gas sealing membrane and pre- 
tension spring 

d; Pressure transmitting piston 

e, Casing 

Spark plug thread 
Thrust block 





Figure 15- Modified test method. 
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Figure 17.- Substitute diagrar/ie 
for fig. 15. 



Figure 16.- Hookup 
for 

fig, 15. 
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rigs. 13,14 
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Figvirc 13.- Rcsonanco c-arvc of picicap of figure 12 rocordcd v;ith sound 

pressure meter. Pickup and condenser microphone spaced 
56 inm apart; pickup flcxi^bly supported. 
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Figure 14.- Resonance cur-.'e of piclrap of fi^re 12 recorded v/ith souiid 
pressure meter, Pic^oip scrov/ed in steel plate. . 

Curve a Distance 100 rnm Curve b Distance ISO nmi 

Curve c Distance 140 mm 
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Figs. 31,25 




Figure 21.— Experimental layout • 
a. Buzzer 

"b. Booster amplifier stage 
c. Steel plate with electrode 

and support 
dt Amplitiide recorder 

e, Reading instrioment 

f, Power supply 

g, Electrostatic voltage indicator 




Figure 25 



Experimental specimens, 
a, Pressure pickup model A 

Pressure pickup model B 
Of PressTire pickup Meurer (special design) 
d. Piezoelectric pickup with pre-tension 

flat spring 
e» Piezoelectric pickup, special design 

with welded spring bushing 

f , Piezoelectric pickup, special design 
with threaded bushing 

g, Piezoelectric pickup, special design 
with bottom cap 

h, Welded and threaded spring bushing 

i, Spark plug 14 x 1.25 mm (constrast of 
size) 
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Figs. 22,23,24,26 
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Figiire 22— Calibration 

hookup for 
amplitude recorder. 



Figure 23.— Frequencies of 

ariiplitude recorder 
at three different amplitudes 
a. "b . c . 
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Figure 24.- Calibration curves for amplitude 
recorder. 



a / = 2kHz 
b /=10kHz 
c /= 100 kHz 



Skt 



a^ Spark plug thread 

b, Pressure transmitting 
piston 

c, Gas sealing membrane 

d, Pre-tension flat spring 

e, Quartz 

f, Thrust block 

g, Highly insulated contact 
pin 

h, Cooling water tube 

i, Casing 




Figure 26.— Pickup with pre-tension flat 
spring (special design). 
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Figs. 27,28,29 
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Figure 21 Pickup, special design, welded 
spring bushing • 
a, Spark plug thread 
Spring hushing 
Quartz 

Central electrode 
Thrust block, welded into 
spring bushing 
Heavily insulated contact 
pin 

g, Thurnb screw 

h, Cooling water tube 

i, Casing 



d. 



Fignire 28.- Pickup, special design, 

with threaded spring 
bushing and bottom cap. 

a. Spark plup- thread 
Bottom screw, gas 
sealing membrane welded 
Bottom cap 
Spring bushing 
Q-uartz 

Central electrode 
Thrust block, screwed in 
spring bushing 
Heavily insulated 
contact pin 
Thumb screw 
Cooling water tube 
Cooling water chamber 
Casing 



"0, 
Of 

if 
h, 



k, 

1, 
m, 
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Figure 29.- Spring bushings of pickups 
of special design. 
A, Welded 
Threaded 
Bushing bottom 

b, Aluminum leaf 

c, Pressed-in electrode 
Guartz 

Central electrode 

f. Heavily insulated 
contact pin 

g, Thrust block 



B, 
a, 



d, 
e, 
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Figs. 30,31,32 
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Figure 30.- Resonance curves of pickup fig. 12, model A. 
a, Without b, With mass 
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Figure 32.— Resonance curves of pickup, model B. 
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Figs» 33,34,35 
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Figure 33.— Resonance curves of pickup, Meurer type. 

a. With mass 

b, With mass and additional mass before quartz. 
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Figure 34.— Resonance curve of pickup witn pre-tension 
flat spring, with mass. 
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Figure 35.- Resonance curves of pickup of special design, 
welded bushing. 

a. With mass 

b, With mass and enlarged plug mass 
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Figs. 36,37 




Figure 36.- Resonance curves ot pickup of special design 
with screwed on bushing, without mass. 

a, Plug pin uncoupled 

b, Plug pin solidly connected 




Figure 37.- Resonance curves of pickup of special design 
with screwed on bushing. 
a» Mass of 3.6 kg 
b. Mass of 0.73 kg 

Cf Mass of 0#73 kg plus enlarged plug mass 
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Figs. 38,39 




Figure 38,~ Resonance curves of pickup, special design, 
screwed on spring bushing with bottom cap. 

a, With mass, iron-asbestos washer 

b, With mass, aluminum washer 

c, With mass, iron-asbestos washer and 
additional mass before Quartz 
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Figure 39. 



Resonance curves of spring bushings, 
a. Welded 



b. Screwed 



on 



according to fig. 29 
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Figs. 40,41,42,43,44 
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pressure trans 
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thrust block 



Fig^are 40,- 
old model. 



Pressure 
pickup - 



Fig^ore 42.- Pressure pickup 

with quartz 
suspended under initial 
tension between two flat 
springs Fi and Fg* 




p sin wt 



a, quartz 

b, central electrode 
0, cover plate 

d, casing 

e, closing foil 

Figure 41.- Pressure 

pickup 
with quartz of dif- 
ferent piezo-electric 
modulus used for 
acoustic measurements. 
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Figure 43.- Substitute 

layout of 
pickup , figure 42. 
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Figure 44. Resonance curves of piezoelectric pickup with rigid 
thrust block. 
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Pigs. 45,46,50,51 
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Figure 45,- Computed spring character- 5'i^re 45.- Computed elasticity 



istic of and 
pic]aip,Fig^are 3. 



values c-j^iCg of springs 
F3_,?2 picloip of Figure 3 for 
difforont deflection x. 



H;/drostatic pressure 
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Figure 50 Experimental deflection 
X of system F^+Fg under 
variable pressure p at tv;o different 
initial tensions 01 tlie springs. 
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Concentrated force, P 

Firgure 51.- 3:^:perimcntally defined 
deflection x of l^ottom 
spring F]^ under varia"ble concentrated 
load P from above at diiferont loads 
with moderate hydrostatic pressure p 
from helow. The curve represents 
the experimentally defined deflection 
X of the top spring Fg under various 
concentrated loa^ds P from below. 
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Figs. 47,48,49 




a, lens sliaped steel 

element 

b, spacer 

c, d, clamping rings 

e, pressure screw 

f, feeler 

g^ dial gauge 

threaded nipple 
for oil pressure 
head 

Fi,F2, spring steel 
shim 

Figure 47,- Experimental 

setup for 
loading the measuring 
system with oil pressure. 




Figure 48. 
Simultanious 
loading of 
bottom spring 
F^^by oil 
pressure p 
from below and 
concentrated 
load P from 
above. 




Figure 49 
Loading of 
top spring 
Fg under 
concentrated 
load P. 
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Jigs. 52,53 
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Figure 52.- Sxporimcntal elasticity values ^it'^g ^'^ springs at 2.15 

and 5,4 kg initial tension. 



1^ 

6 



o 
o 

Cm 
•H 



Initia[L tension 
1 5.4 



o 

/ 



4cr" 

Pressure, p 



50 ata 80 



Figure 53.- Portion of force Pg^ indicated oy quartz under ^/aria'ole 
pressure p at 2.15 and 5.4 kg initial tension. 
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Pigs. 54, 5d 
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jTigore 54.- Mass force factor o.^ and pressiiro force factor Op, determined 
fror: the c--rperi::iental values at 2.15 and 5.4 kg initial 

tension. 
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Ratio of deflection x/x^ of quartz at varia^ble pressure 
frequency f Xq static deflection; (substitute diagram: 4), 
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Figs- 56,57,58,59 




a, quartz 

Fi,F2, flat springs 

^ig^lre 56.- Quartz with elastic suspension 
cuid pressiire transmitting 

piston mfc. 



Figure 57.- Same as figure 56, but supplemented 
by baletncing mass m^. 
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a, quartz 

b, tension spring 
Fl,F2i flat springs 

Figure 58.- Arrangement of 

supplementary 
pre -tension device for 
relieving flat springs 



a , quartz 

b, tubular spring, 

water cooled 

c, pressure linkage 

d, counter mass 

e, flexible gas 

sealing membrane 

f , cooling water 

chamber 
Fi,F2, unloaded flat 
springs 




p sinaft 



Figure 59.- Avoidance of 
pressure re- 
lation by gas sealing 
membrane with minimum 
annular clearemce. 



